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Extraction from Model Heavy Oil 
Using Ionic Liquids
Pradip Chandra Mandal
Abstract
Heavy metals containing compounds present in heavy oils create particular 
problems on their upgradation and refinement processes. The aim of this work is 
to extract nickel (II) tetraphenylporphine (NiTPP) from model heavy oils using 
ionic liquids (ILs). Exploring open literature, four different ILs such as 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM]TFSI), 1-ethyl-
3-methylimidazolium octyl sulfate ([EMIM]OS), 1-butyl-3-methylimidazolium octyl 
sulfate ([BMIM]OS), and 1-methyl-3-octylimidazolium tetrafluoroborate ([OMIM]
BF4) were utilized in this study. Potential experiments were conducted in a batch-type 
extractor (design temperature of 250°C and pressure of 6 MPa) at temperatures of 
0–180°C. The extracted samples were analyzed using UV-visible spectrophotometer 
to determine the concentration of metallic compounds. The results show that NiTPP 
extraction was increasing with increasing temperature and treatment time and 
approximately 63% NiTPP was extracted in [BMIM]OS at a temperature of 100°C 
and a treatment time of 40 min. It is also observed that NiTPP extraction was decreas-
ing above temperature 100°C. The extraction kinetics followed first-order kinetics 
with respective activation energy and pre-exponential factor of 1.24 kcal per mol 
and 2.156 × 10−3 s−1. Therefore, the IL, [BMIM]OS, is capable to extract NiTPP from 
model heavy oils at temperatures below 100°C indicating the effectiveness of this IL 
to extract NiTPP from heavy oils.
Keywords: heavy oil, heavy metal, ionic liquid, extraction kinetics, activation energy
1. Introduction
1.1 Heavy oil
Crude oil is a naturally occurring unrefined petroleum product that con-
tains hydrocarbons 50–97%, nitrogen, oxygen, and sulfur-containing organic 
compounds which typically make up between 6 and 10%, while metals such as 
copper, nickel, vanadium, and iron account for less than 1% of the total composi-
tion. According to Koliander [1], some of the metals found originated from the 
crude itself, while others were added during production and transportation and 
migration of metals into the crude oil due to corrosion of pipelines, and tasks 
could also explain the existence of heavy metal in heavy oil. According to the API 
gravity (degree API = 141.5/specific gravity = 131.5), crude oil can be classified as 
follows:
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Light crude oil: API gravity higher than 31.1.
Medium crude oil: API gravity from 31.1 to 22.3.
Heavy crude oil: API gravity from 22.3 to 10.
Extra-heavy crude oil: API gravity below 10.
Heavy oil is a crude oil having a viscosity generally greater than 10 cP and grav-
ity below 22.3° API [2]. It contains high-molecular-weight hydrocarbons having 
more than 15 carbon atoms in its chain [3] and hence has low hydrogen-to-carbon 
ratios. In addition, it has elevated levels of heteroatom-containing compounds such 
as sulfur, nitrogen, oxygen, and metals. Moreover, it is highly acidic. The presence 
of heavy metal in heavy oil has been identified throughout the years, and although 
it only accounts for 1% of the total composition, accumulation of these metals over 
a long period of time could hinder the upgrading and the refinery process.
1.2 Heavy metal removal processes
Heavy oil generally needs to undergo several processes before it can be sold to 
the consumers to meet their specification. Metal removal process is one of the pro-
cesses involved in the refinery stage where the hydrocarbons are treated to remove 
heavy metal before delivering into the downstream process to increase its market 
value. The presence of heavy metals, such as nickel and vanadium in the heavy oil, 
could lead to serious problems during any of the heavy oil refinement and upgrada-
tion processes. Hence, oil and gas companies of the world are interested in finding 
ways to remove the heavy metals from the heavy oil. Some of the problems caused 
by these metallic compounds are discussed below:
a. Environmental effects: Vanadium is the most common metal found in heavy oil. 
It produces vanadium pentoxide when it burns during the combustion process 
[4, 5]. Vanadium pentoxide is a toxic material and is harmful to the environ-
ment. In addition, less volatile metals and metal compounds can be found in 
great amount in the ashes of heating oil, which also disperse into the environ-
ment which could lead to a serious environmental problem [1]. Due to the 
hazardous and carcinogenic nature of heavy metal, it could have caused serious 
health issues, such as nervous system damage, cancer, and, in extreme cases, 
death.
b. Industrial damages: When heavy metal-containing heavy oil is burned dur-
ing combustion process, the existing heavy metals would be stored in ashes 
which will result in the corrosion of the container. If heavy oil is used in power 
generation, it can lead to the corrosion of the turbine which will eventually 
lead to operational failure. Apart from this, once crude oil is produced, it will 
then be transported to a place where it will be processed. However, corrosion 
in pipelines could occur if there is a presence of heavy metal. In addition, the 
effective diameter of the pipeline could also be reduced due to the deposition of 
metal-containing compounds in the pipeline. In the oil industry, removal of the 
heavy metal is necessary to prolong the lives of catalysts in the fluid catalytic 
cracking [1].
c. Cost: As a result of decreasing amount of light hydrocarbon worldwide, oil and 
gas companies have taken interest in developing heavy oil into useful products. 
Generally, oil and gas companies invest a huge amount of money especially in 
terms of CAPEX (capital expenditure) and OPEX (operating expenditure). 
The presence of heavy metals in the heavy oil however causes spoilage to the 
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equipment, hence resulting in further increment of the operating and main-
tenance costs. Thus, removal of heavy metal is a vital stage in upgrading the 
heavy oil.
Nowadays, there are various methods available in removing heavy metals from 
the heavy oils and its fractions which can be divided into several categories: physi-
cal, chemical, electrochemical, and catalytic hydro-treatment. Some of the methods 
in the category are chemical precipitation, adsorption process, membrane filtration, 
electrodialysis, and photocatalysis. These heavy metal removal processes come 
with its pros and cons with some of it being high in terms of operational costs, and 
other methods such as photocatalysis have a long processing time with very limited 
applications to the industry. The advantages and disadvantages of conventional 
heavy metal removal processes are summarized in Table 1.
Removal of heavy metals especially nickel (Ni) and vanadium (V) has been 
investigated in the recent years as more and more companies have taken the inter-
est in upgrading heavy crude oil. Researchers all over the world have developed 
many metal removal methods and have published their findings in open literature. 
Although some of the methods have been proved to be efficient, unfortunately oth-
ers have not shown a significant result within a specified amount of time. Therefore, 
further studies are essential to investigate the best way on removing heavy metal 
present in heavy oil. Table 2 shows the experiments that have been done in remov-
ing heavy metal present in heavy oil under different sets of operating conditions.
Limited research works on the removal of heavy metal in heavy oil using 
ionic liquid (IL) are available in open literature. Most of the written papers are 
focusing on the removal of metal in wastewater or industrial effluent rather 
than in heavy oil.
1.3 History of IL
Ionic liquids (ILs) are chemical compounds of ion structure which have the melt-
ing point below 100°C or even at room temperature [16]. An IL contains positively 
Treatment method Advantages Disadvantages References
Photocatalysis Less harmful and toxic 
by-products
Simultaneous removal of 
both metals and organic 
pollutants
Limited applications
Long removal time
[6, 7]
Chemical 
precipitation
Low initial cost
Simple operation
Sludge generation requires 
additional operational cost for its 
disposal
[8]
Adsorption Low cost
Wide pH range
Simple operating conditions
Production of waste products 
requires additional operation cost
Low selectivity
[9, 10]
Membrane filtration High separation selectivity
Small space requirement
Requires frequent membrane 
replacement due to membrane 
fouling
[8]
Electrodialysis High separation selectivity Increased operational cost due 
to membrane fouling and high 
energy consumption
[11]
Table 1. 
Advantages and disadvantages of conventional heavy metal removal processes.
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charged cation and negatively charged anion. The commonly used cations are based 
on ammonium, sulfonium, phosphonium, imidazolium, pyridinium, picolinium, 
pyrrolidium, etc. with different substitutes. The generally used anions are halogen 
(first-generation ILs), organic ([CH3COO]−, [CF3CO2]
−, [PhCOO]−, etc.) or 
inorganic ([BF4]
−, [PF6]
−, [AlCl4]
−, etc.). Though the properties of ILs depend on 
mutual fit of cation and anion, size, geometry, and charge distribution, they well fit 
in the assumptions of green chemistry. In 1998, Anastas and Warner have formulated 
12 principles of green chemistry [17]. ILs meet three pillars of these principles—
safer solvents (principle no. 5), provision of energy efficiency (principle no. 6), and 
usage in catalytic reactions (principle no. 9) [16]. Figure 1 represents a simplified 
model of an irregular system of ions present in the IL structure.
IL precursors are quaternary ammonium halide salts that are known from the 
1890s. But these salts are widely used and tested in the twentieth century for differ-
ent applications such as synthesis, disinfection, fabric softener, wood preservation, 
and so on. These salts are used as IL from 1996.
A low-melting organic salt has been observed as red oil in the mid-nineteenth 
century for the first time. This oil was produced as a by-product in the Friedel-
Crafts reaction of benzene alkylation with aluminum chloride as a catalyst. The red 
oil known as chloroaluminate, σ-complex, was structured after the popularization 
of nuclear magnetic resonance technique as shown in Figure 2.
Gabriel and Weiner produced ethanolammonium nitrate with the melting point 
(MP) of 52°C in 1888. Paul Walden [18–20] in 1914 produced ethylammonium 
nitrate with the MP of 12°C. This compound is considered as the first IL by many 
researchers [20], and Walden is known as the father of ILs. But this compound has 
no use due to its high reactivity.
In 1934, US patent no. 1943176 has claimed that the cellulose has dissolved in 
1-benzylpyridinium chloride, 1-ethylpyridinium chloride, and so on at the tem-
perature above 100°C. In 1948, just after World War II, 1-ethylpyridinium bromide 
has appeared in another US patent [19] for the electrodeposition of aluminum 
Experiment Operating conditions Removal References
Microwave-assisted nickel and 
vanadium removal from crude oil
Microwave 
power = 600–800 W
Irradiation time = 3 min
Dosage methane sulfonic 
acid = 2 wt%
Ni = 76.8%
V = 83.2%
[12]
Using supercritical water (SCW) to 
remove nickel from Ni-EP
T = 450–490°C
P = 25–45 MPa
Time = 180 min
Ni = 90.64% [13]
Mixed solvent (SCW) and toluene 
without the addition of any catalyst to 
remove vanadium
T = 410–490°C
P = 25MPa
Time = 180 min
V = 80.26% [4]
Removing nickel from NiTPP using 
SCW in the presence of toluene
T = 450–490°C
P = 25–35 MPa
Time = 90 min
Ni = 65.65% [14]
Effect of cationic starch on removal 
of Ni and V from crude oils under 
microwave irradiation
Microwave power = 300 W
Irradiation time = 5 min
T = 60°C
Iran crude oil
Ni = 50%, 
V = 76%
Shengli crude oil
Ni = 60%, 
V = 79%
[15]
Table 2. 
Methods in removing heavy metal from heavy oil.
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from aluminum (III) chloride. At that time, they were unable to investigate the IL 
because of the complex mixture of bromide and chloride salts. Later, in 1975, the 
physical and chemical properties of this IL were investigated by Osteryoung group 
aided by Bernard Gilbert [19]. The IL attracted the international researchers in 
the 1970s as aluminum chloride-based molten salts were used in the 1940s for the 
formation of nuclear warhead batteries. Wilkes in 1970 has tried to develop better 
batteries for nuclear warheads and space probes as they needed molten salts to oper-
ate [18]. Wilkes and Hussey have discovered an IL system which is liquid at room 
temperature known as 1-ethyl-3-methylimidazolium chloride-aluminum chloride 
([EMIM]Cl-AlCl3). This was the first appropriate example of IL system [19]. ILs 
emerged as solvents in the late 1990s.
ILs are interesting compounds due to their variable properties such as they are not 
all noncorrosive, but they can be designed to be noncorrosive [21]. Generally, ILs have 
negligible vapor pressure, high thermal and chemical stability, nonflammability, and 
numerous potential applications, such as microwave-assisted organic synthesis, catal-
ysis, biocatalysis, separation, extraction, electrochemistry, nanomaterial synthesis, 
polymerization reactions, and corrosion inhibitors [22]. They have potential efforts to 
replace and optimize the existing petroleum-based technologies and processes.
This chapter explores the capability of ILs to extract NiTPP from model heavy 
oil that is not disclosed previously in open literatures.
Figure 1. 
Structure of historic ILs (ILs developed in the 20th century).
Figure 2. 
Chloroaluminate, σ-complex, in the Friedel-Crafts reaction.
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2. Materials and methods
2.1 Materials
Based on literature survey, four specific ILs as stated in Table 3 were utilized 
to extract nickel tetraphenylporphyrin (NiTPP) from model heavy oil. These ILs 
were purchased from Sigma-Aldrich and used without any modification. The heavy 
metal-containing compound, NiTPP, and the solvent, toluene, were also purchased 
from Sigma-Aldrich and used without further treatment.
2.2 Model heavy oil preparation
Model heavy oil was prepared by dissolving NiTPP in toluene. For producing 
250 mL 0.06 M model heavy oil solution, exactly 0.015 g of NiTPP was taken in 
a beaker. Then required volume of toluene was added in the beaker at least three 
occasions at a volume of 50 mL in each occasion to ensure complete and stable 
mixing. The beaker was then placed on a hot plate, and the solution was stirred 
using a magnetic stirrer at a temperature of 50°C and a speed of 200 rpm. After 
the completion of mixing, the resultant solution was transferred into 250 mL vol-
umetric flask, and toluene was added up to the mark to make a 250 mL solution.
Table 3. 
General information of four used ILs.
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2.3 Experimental method
The ILs and model heavy oil were taken in an autoclave reactor at a ratio of 1:10 
(v/v). Then the reactor was loaded into an oven which was preheated to the planned 
temperatures of 0–180°C. The reactor was removed from the oven after a specific treat-
ment time of 10–40 min. and kept under a water bath to cool the reactor up to room 
temperature. The samples were then collected into the separating funnel by washing the 
reactor interior at least three times with toluene. Two layers were formed after allowing 
sufficient time—the top is NiTPP solution portion, and the bottom is NiTPP-extracted 
IL portion. The top portion was separated and made ready for analysis.
2.4 Analytical method
Out of two layers, the separated top layer was analyzed using UV-visible spec-
trophotometer (UV-VIS), Perkin Elmer Lambda 26 model, to find out the con-
centration of NiTPP. A cuvette, size of 12.5 × 12.5 × 45 mm, was used to place the 
samples in the UV-VIS. Toluene is used as the reference solvent.
A calibration curve, a plot of the concentration of NiTPP vs. absorbance, was 
plotted using five known samples of NiTPP at the beginning of experiments. The 
best-fit curve was a straight line almost passing through the origin. After analyzing 
the treated samples, the concentration of NiTPP in the samples was calculated using 
the aforesaid calibration curve. The following term is used in this study.
NiTPP extraction was calculated using Eq. (1):
  NiTPP extraction  (%) =  
 C 0 −  C t  _____
 C 0 
 × 100  (1)
where  C 0 is the initial concentration of NiTPP in the toluene solution and  C t is 
the concentration of NiTPP in the toluene solution at treatment time, t.
The experiments were carried out three times. The error margin of the achieved 
data was less than 5 with 96% confidence level.
3. NiTPP extraction using ILs
3.1 Effect of ILs on NiTPP extraction
Four toluene (boiling point 110.6°C at 0.01 MPa and critical point 318.64°C at 
4.109 MPa) insoluble imidazolium-based ILs such as [BMIM]TFSI, [EMIM]OS, 
[BMIM]OS, and [OMIM]BF4 were utilized in this study to extract NiTPP from 
model heavy oil as they have a capability to extract some metals. Hildebrand’s 
solubility parameter (HSP) of different solvents and ILs are displayed in Table 4. 
NiTPP is a purple solid crystal. Mandal et al. in 2011 [14] have disclosed that this 
compound is soluble in toluene (HSP = 18.3) and xylene (HSP = 18.20) but insoluble 
in water (HSP = 48.00) indicating that the HSP of this compound is close to 18.00. 
The toluene-soluble NiTPP was purple in color and had intensive absorption peaks 
in the visible region.
The IL, [BMIM]TFSI was not dissolved in toluene and water at room tem-
perature. It was not capable of extracting NiTPP at this temperature. Hamidova 
et al. in 2015 [25] have disclosed that [BMIM]TFSI IL has a density of 1436.76 and 
1385.21 kg/m3 at 25 and 80°C. When NiTPP solution was treated with [BMIM]TFSI 
at a temperature of 75°C and a treatment time of 30 min, the color of [BMIM]TFSI 
did not change (Figure 3a) at all, indicating that it was not able to extract NiTPP 
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though the density of this IL was reduced with the increase of temperature. This 
was probably due to the unequal HSP of NiTPP and [BMIM]TFSI.
Similarly, the IL, [EMIM]OS (density = 1095 kg/m3) was not dissolved in toluene at 
room temperature. It is lighter than [BMIM]TFSI. When NiTPP solution was treated 
with [EMIM]OS at a temperature of 75°C and a treatment time of 30 min., the color 
of [EMIM]OS slightly changed (Figure 3b) due to some of the NiTPP being extracted 
into this IL. The IL, [BMIM]OS, is insoluble in toluene. When the NiTPP solution was 
treated with [BMIM]OS at a temperature of 75°C and a treatment time of 30 min., 
the color of [BMIM]OS was darker than the color of [EMIM]OS (Figure 3c). The 
IL, [OMIM]BF4 (density = 1120 kg/m
3), is insoluble in toluene at room temperature. 
When the NiTPP solution was treated with [OMIM]BF4 at a temperature of 75°C and 
a treatment time of 30 min, the color of [OMIM]BF4 was darker than the color of 
[EMIM]OS (Figure 3d) but very close to [BMIM]OS. This means that [BMIM]OS and 
[OMIM]BF4 are more efficient in order to extract NiTPP from the NiTPP solution. For 
the next studies, [BMIM]OS is used due to its availability and cheapness.
3.2 Effect of temperature of [BMIM]OS on NiTPP extraction
Variation of NiTPP extraction in [BMIM]OS as a function of temperature is 
shown in Figure 4. It is observed that NiTPP extraction was increasing with tempera-
ture up to 100°C, and after that, NiTPP extraction was decreasing with increasing 
Name of solvent or ILs Hildebrand’s solubility parameter (HSP)
(MPa0.5) [23, 24]
[BMIM]TFSI 26.70 at 25°C
[EMIM]OS 30.20 at 25°C
[BMIM]OS 22.83 at 25°C, 23.25 at 55°C
[OMIM]BF4 22.50 at 25°C
Toluene 18.30 at 25°C
Xylene 18.20 at 25°C
Water 48.00 at 25°C
Table 4. 
HSP of different solvents and ILs.
Figure 3. 
Effect of ILs on NiTPP extraction at a temperature of 75°C and a treatment time of 30 min: NiTPP extraction 
using (a) [BMIM]TFSI, (b) [EMIM]OS, (c) [BMIM]OS and (d) [OMIM]BF4.
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temperature. Maximum 63% NiTPP was extracted at a temperature of 100°C and 
a reaction time of 40 min. Thus, [BMIM]OS was effective to extract NiTPP at tem-
peratures below 100°C. The reason is that viscosity of IL normally reduces gradually 
with the increase of temperature. Hence, NiTPP mixed well with IL by increasing the 
collisions between them. Such viscosity-temperature criteria no longer exist after a 
temperature exceeding 100°C for the case of IL [BMIM]OS because this IL decom-
posed at a temperature exceeding 100°C. Therefore, low temperature was favorable to 
extract NiTPP using this IL.
3.3 NiTPP extraction at temperatures below 100°C
Figure 5 shows that NiTPP extraction increased with increasing reaction 
temperature and time. Approximately 61% NiTPP was extracted at a temperature 
of 90°C and a treatment time of 40 min. One reason for this is that NiTPP and IL 
mix properly with increasing temperature, increasing their respective collisions 
events and thus increasing treatment rate. Mandal et al. in 2015 [26] have disclosed 
Figure 4. 
Variation of NiTPP extraction in [BMIM]OS at a function of temperature.
Figure 5. 
Variation of NiTPP extraction at a function of temperature and treatment time (symbol: ◊, at temperature of 
30°C; □, at temperature of 60°C; and ∆, at temperature of 90°C).
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that IL molecules themselves could form cage structure through specific chemical 
bonds with the increase of treatment time. In this cage, the objective molecules 
would be captured through the formation of liquid clathrate due to the π-π interac-
tion between ILs and objective molecules. This was the reason of increasing NiTPP 
extraction with the increase of treatment time.
3.4 NiTPP extraction kinetics
Extraction kinetics is important for good extractor design. To determine  
the extraction order, a kinetic plot of ln(1-X), where X denotes fraction of NiTPP 
extraction, versus reaction time (t, min) is constructed (Figure 6). The  
NiTPP extraction was close to zero at zero treatment time. Each set of data gives 
a straight line obtained with the least square method that passes almost exactly 
through the origin indicating first-order kinetics with respect to NiTPP extraction, 
and it follows the kinetics equation [Eq. (2)]:
  ln (1 − X) = kt  (2)
where k is rate constant in time−1.
Figure 6. 
NiTPP extraction kinetics plot (symbol: ◊, at temperature of 30°C; ◊, at temperature of 60°C; and ∆, at 
temperature of 90°C).
Figure 7. 
Arrhenius plot.
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Reaction kinetics analyses of this study were tested and evaluated to a maximum 
of 61% NiTPP extraction as kinetics data were more compatible with first-order 
kinetics at this extent [27]. From the slope of the straight lines of Figure 6, the 
respective rate constant was determined, and an Arrhenius-type temperature depen-
dency acidity removal rate constant plot was then plotted (Figure 7). By exploring 
this plot, activation energy and pre-exponential factor of the said extraction process 
were estimated with respective values of 1.24 kcal per mol and 2.156 × 10−3 s−1. Thus, 
the Arrhenius equation for NiTPP extraction can be rewritten as shown in Eq. (3):
          k NiTPP extraction = 2.156 ×  10 
−3  e  
−1.24 _____
RT
  , temperature below 10 0 ° C          (3)
4. Conclusions
The IL-based metal extraction from heavy oil process is presented in this study. 
The IL, [BMIM]OS, is capable to extract NiTPP from model heavy oil, and approxi-
mately 63% NiTPP was extracted at a temperature of 100°C and a treatment time of 
40 min. The extraction is dependent on temperature and treatment time at tem-
peratures below 100°C. The time dependency extraction kinetics follows first-order 
kinetics with activation energy of 1.24 kcal per mol and pre-exponential factor 
of 2.156 × 10−3 s−1. Therefore, IL-based metal extraction processes can attract the 
researcher’s attention due to their greenness and separability tendency after using.
Acknowledgements
This work was supported by the Yayasan Universiti Teknologi Petronas (YUTP), 
Universiti Teknologi PETRONAS (UTP), Malaysia.
Author details
Pradip Chandra Mandal
Department of Pipeline Construction, Titas Gas T and D Co. Ltd, Dhaka, 
Bangladesh
*Address all correspondence to: pradipbd2002@yahoo.com
12
Processing of Heavy Crude Oils - Challenges and Opportunities
References
[1] Koliander W. The metal content of 
crude oils and its influence on crude oil 
processing. In: 16th World Petroleum 
Congress; 11-15 June 2000; Calgary, 
Canada. Vol. 2000. p. 1
[2] Faergestad IM. Heavy oil. In: Oilfield 
Review 2016; Schlumberger. 2016. 
Available from: https://www.slb.com/
resources/oilfield_review/or_en_intro_
article.aspx
[3] Trevisan OV, Lisboa ACL, França FA, 
Trindade W. Oil production in offshore 
fields: An overview of the Brazilian 
technology development program. 
In: World Heavy Oil Conference; 1-7, 
Pequim, China. 2006
[4] Mandal PC, Wahyu D, Sasaki M, 
Goto M. Non-catalytic vanadium 
removal from vanadyl etioporphyrin 
(VO-EP) using a mixed solvent of 
supercritical water and toluene: A 
kinetic study. Fuel. 2012;92(1):288-294. 
DOI: 10.1016/j.fuel.2011.07.002
[5] Mandal PC, Goto M, Sasaki M. 
Removal of nickel and vanadium 
from heavy oils using supercritical 
water. Journal of the Japan Petroleum 
Institute. 2014;57(1):18-28. DOI: 
10.1627/jpi.57.18
[6] Barakat M. Removal of toxic 
cyanide and Cu(II) Ions from 
water by illuminated TiO2 catalyst. 
Applied Catalysis B: Environmental. 
2004;53(1):13-20. DOI: 10.1016/j.
apcatb.2004.05.003
[7] Kajitvichyanukul P, 
Ananpattarachai J, Pongpom S. Sol–gel 
preparation and properties study 
of TiO2 thin film for photocatalytic 
reduction of chromium(VI) in 
photocatalysis process. Science and 
Technology of Advanced Materials. 
2005;6(3-4):352-358. DOI: 10.1016/j. 
stam.2005.02.014
[8] Kurniawan TA, Chan GY, Lo W, 
Babel S. Physico–chemical treatment 
techniques for wastewater laden with 
heavy metals. Chemical Engineering 
Journal. 2006;118(1-2):83-98. DOI: 
10.1016/j. cej.2006.01.015
[9] Aklil A, Mouflih M, Sebti S. Removal 
of heavy metal ions from water by using 
calcined phosphate as a new adsorbent. 
Journal of Hazardous Materials. 
2004;112(3):183-190. DOI: 10.1016/j. 
jhazmat.2004.05.018
[10] Babel S, Kurniawan TA. Various 
treatment technologies to remove 
arsenic and mercury from contaminated 
groundwater: An overview. In: 
Proceedings of the First International 
Symposium on Southeast Asian Water 
Environment. Bangkok, Thailand; 24-25 
October, 2003. pp. 433-440
[11] Mohammadi T, Razmi A,  
Sadrzadeh M. Effect of operating 
parameters on Pb2+ separation from 
wastewater using electrodialysis. 
Desalination. 2004;167:379-385. 
Available from: http://www.desline.
com/articoli/5618.pdf
[12] Shang H, Liu Y, Shi JC, Shi Q , Zhang 
WH. Microwave-assisted nickel and 
vanadium removal from crude oil. Fuel 
Processing Technology. 2016;142:250-257. 
DOI: 10.1016/j. fuproc.2015.09.033
[13] Mandal PC, Wahyu D, Sasaki M,  
Goto M. Nickel removal from 
nickel etioporphyrin (Ni-EP) using 
supercritical water in the absence of 
catalyst. Fuel Processing Technology. 
2012;104:67-72. DOI: 10.1016/j. 
fuproc.2011.07.004
[14] Mandal PC, Wahyu D, Sasaki M,  
Goto M. Nickel removal from nickel-
5,10,15,20-tetraphenylporphine 
using supercritical water in absence 
of catalyst: A basic study. Journal of 
Hazardous Materials. 2011;187(1-3): 
13
Nickel Tetraphenylporphine Extraction from Model Heavy Oil Using Ionic Liquids
DOI: http://dx.doi.org/10.5772/intechopen.86438
600-603. DOI: 10.1016/j. 
jhazmat.2011.01.059
[15] Wang S, Yang J, Xu X. Effect of the 
cationic starch on removal of Ni and 
V from crude oils under microwave 
irradiation. Fuel. 2011;90:987-991. DOI: 
10.1016/j. fuel.2010.11.036
[16] Pernak J, Rzemieniecki T, Materna 
K. Ionic liquids “in a nutshell” (history, 
properties and development). Chemik.  
2016;70(9):471480. Available from: 
http://www.chemikinternational.com/
wp-content/uploads/2016/10/9_16_ 
Pernak_GB.pdf
[17] Anastas PT, Warner JC. Green 
Chemistry: Theory and Practice. 
Oxford, New York: Oxford University 
Press; 1998
[18] Keskin S, Kayrak-Talay D, Akman 
U, Hortacsu O. A review of ionic 
liquids towards supercritical fluid 
applications. Journal of Supercritical 
Fluids. 2007;43:150-180. DOI: 10.1016/j. 
supflu.2007.05.013
[19] Plechkova NV, Seddon KR. 
Application of ionic liquid in the 
chemical industry. Chemical Society 
Reviews. 2008;37:123-150. DOI: 
10.1039/ B006677J
[20] Koel M. Ionic Liquid in Chemical 
Analysis. CRC Press, Tailor & Francis 
Group. Boca Raton, London, New York. 
ISBN: 1-42004646-2; 2008. p. XXVII
[21] Mandal PC, Sasaki M. Total acid 
number reduction of naphthenic acids 
using supercritical fluid and ionic 
liquids. In: Recent Insights in Petroleum 
Science and Engineering. Rijeka, 
Croatia: Intech; 2018. pp. 251-272. DOI: 
10.5772/intechopen.71812
[22] Martinez-Palou R, Luque R. 
Applications of ionic liquids in the 
removal of contaminants from refinery 
feedstocks: an industrial perspective. 
Energy & Environmental Science. 
2014;7:2414-2447. DOI: 10.1039/
C3EE43837F
[23] Marciniak A. The solubility 
parameters of ionic liquids. 
International Journal of Molecular 
Sciences. 2010;11:1973-1990. DOI: 
10.3390/ijms11051973
[24] Sistla YS, Jain I, Khanna A. 
Validation and prediction of solubility 
parameters of ionic liquids for CO2 
capture. Separation and Purification 
Technology. 2012;97:51-64. DOI: 
10.1016/j. seppur.2012.01.050
[25] Hamidova R, Kul I, Safarov J,  
Shahverdiyev A, Hassel E. 
Thermophysical properties of 
1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 
at high temperatures and pressures. 
Brazilian Journal of Chemical 
Engineering. 2015;32(01):303316. 
Available from: http://www.scielo.br/
scielo.php?pid=S0104663220150001003
03&script=sci_abstract
[26] Mandal PC, Abdalla MA, 
Moniruzzaman MD. Acidity reduction 
of naphthenic acid using imidazolium 
chloride based ionic liquids. International 
Journal of Applied Engineering Research. 
2015;10(89):69-74. Available from: 
http://www.ripublication.com/ijaer.htm
[27] Mandal PC, Shiraishi T, Wahyu D,  
Sasaki M, Goto M. Kinetics and 
reaction pathways of heptylbenzene 
decomposition in supercritical water. 
Journal of Chemical Engineering 
of Japan. 2011;44(7):486-493. DOI: 
10.1252/jcej.10we296
